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[57] /ABSTRACT 

An information transfer system includes a transmitter and a 
receiver for transferring information over a differential com- 
munication link. The transmitter circuit includes a plurality 
of gated driver circuits each associated with one of a 
plurality separate phases of a clock signal, all of the gated 
driver circuits having respective outputs connected to a 
differential driver. Each gated driver circuit receives at a 
respective input a respective one of a plurality of selected 
information signals and transmits it over the communication 
link in response to the associated clock signal phase. A 
plurality of iofonnation selectors, each associated one of the 
gated driver circuits, are connected to receive a plurality of 
information signals each from a respective one of a plurality 
of digital information sources and selectively couple one of 
the information signals to the associated gated driver circuit 
as the respective selected information signal during a clock 
signal phase ahead of the clock signal phase ahead of the 
clock signal phase with which the associated gated driver 
circuit is associated. The receiver circxiit includes a differ- 
ential receiver which generates a single-ended signal repre- 
sentative of digital data in response the differential signals 
transmitted over the wires comprising the differential com- 
munication link. The differential receiver has a plurality of 
inputs each for connection to one of the wires of the 
differential communication link. A termination resistor is 
connected between the differential receiver inputs, and a 
continuity test circuit applies a test voltage to one of the 
differential receiver inputs during a link test operation. The 
digital receiver generates the single ended signal represen- 
tative of digital data provided by the transmitter circuit the 
appropriate digital data value if the wires are continuous 
between the transmitter circuit and the receiver circuit- 
However, if at least one of the wires is not continuous, the 
differential receiver wiU provide a single -ended signal rep- 
resentative of the wrong digital data value. 

11 Ciaims, 4 Drawing Sheets 
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1 2 

TRANSMITTER AND RECEIVER CIRCUITS lively couples one of a buffered iDformation signal from a 

FOR HIGH-SPEED PARALLEL DIGITAL leading edge buffer and an information signal from at least 

DATA TRANSMISSION LINK one other information source (illustratively, a test informa- 
tion source) to the leading edge gated driver circuit as the 

INCORPORATION BY REFERENCE S leading edge selected information signal. The leading edge 

buffer receives and buffers leading edge transmit informa- 

U.S. patent application Ser. No. 08/674,316, filed Jul. 1, tion from a transmit information source, the leading edge 

1996, in the name of Daniel Cassiday, et al., and entitled buffer receiving the leading edge information in response to 

"Synchronization System And Method For Plesiochronous the leading edge of the clock signal and providing the 

Signaling," (hereinafter referred to as the "Cassiday patent buffered leading edge transmit information to the leading 

application") assigned to one of the assignees of the present edge multiplexer on a subsequent trailing edge of the clock 

invention, incorporated herein by reference. signal, so that the leading edge selected information signal 

will be settled at the input of the leading edge gated driver 

FIELD OF THE INVENTION at the leading edge of the clock signal. 

The invention relates generally to the field of digital data 35 Similarly, the trailing edge gated driver circuit receives at 

communications, and more particularly to systems and ^n mput a trailing edge selected mformation signal and 

methods for transferring digital data between a transmitter transfers it to the differential driver for transmission over the 

and a receiver in a digital communications system. communication link as the digital data signal in response to 

the trailing edge of the clock signal, and is disabled at the 

BACKGROUND OF THE INVENTION 20 leading edge of the clock signal. The trailing edge informa- 
tion selector comprises a trailing edge multiplexer and a 

In a digital communications system, a transmitter trans- ^^.^^^g ^^^^ ^juffer. The traHing edge multiplexer selectively 

mits digital data in the form of signals to a receiver over one couples one of a buffered information signal from the 

or more communication Unks. The aforementioned Cassiday ^^^^^^^ ^^^^ ^^^^ iofonnation signal from at least 

patent application describes a digital communicaUons sys- ^ ^ne other information source (illustratively, a test informa- 

tem in which infonnation signaU are transmitted from the ^-^^ ^^^^^^ ^^^^^^ ^^g^ g^j^ ^^-^^^j. ^^^^^^ 

transmitter to the receiver along with a clocking signal, trailing edge selected information signal. The trailing edge 

which serves to synchronize the transfer of the information ^^q^^ receives and buffers leading edge transmit informa- 

signals therebetween. In that system, the information is ^^^^ f^^^ ^ transmit information source, the trailing edge 

transferred at high speed on both the leading and trailing buffer receiving the leading edge information in response to 

edges of the clockmg signal, which creates a number of ^g^j^Qg ^^^^ ^^^^^ signal and providing the 

problems. First, so that the transmitter circuit can transmit buffered leading edge transmit infonnation to the leading 

the information at high speed, it will be necessary minimize ^^^^ multiplexer on a subsequent leading edge of the clock 

the propagation delay, and the differences m propagation g-g^j^]^ so that the trailing edge selected information signal 

delay, from the transmitter's circuits in which the informa- ^e settled at the input of the trailing edge gated driver 

tion is stored, to the circuits which select and dnve the ^t the trailing edge of the clock signal, 

signals onto the Unks interconnecting the transmitter and ^^^.^^^ comprises a receiver and a receive 

receiver. This is a parUcular problem m connecUon with ^^^^^ ^^.^^^ ^^^.^^^ ^^^^^ ^^^^ ^. ^^^^ 

digital commumcauons systems for use m modem digital communication link and provides the digital data signal as a 

systems, which typically include tesUng circmtry for per- ^^^^^^^ ^^^^ ^. ^ ^^^^.^^ ^^^^^ comprises a leading 

formmg a number of types of tests to determme whether the ^^^^.^^ ^^^^^ ^ ^^^^.^^ ^^^^^ 

system is opcraUng correcUy, and, if not, which portion(s) of ^^^-^^ ^^^^ ^^^^^^^ ^^^^^ ^^^-^^^ 

the system is (are) operating mcorrectly. Typically, such ^^^^ ^^^^ - ^ ^^^-^^ ^^^^^ 

testmg circuitry adds circuitry to the transmitter and receiver ^. j ^^^.^^^ ^^^^-^^^ ^^ta signal as a leading 

which can mcrease the propagation delay problems and may ^^^.^^^ ^^^^ ^. ^ downstream utiHzation ele- 

require reduction m the rate of mformation transmission ment. Similarly, the trailing edge receive buffer receives and 

from the transmitter to the receiver. ^^^^^ ^^^.^^^ ^^^^ ^-^^^ ^ ^^^^^^^ ^^^^^^ 

SUMMARY OF THE INVENTION ^^^^ receive clock signal and provides the received 

data signal as a trailing edge received data signal at the next 

The invention provides new and improved transmitter and 50 leading edge of the received clock signal. Thus, the receiver 

receiver circuits for transmitting and receiving signals in a circuit provides, as the leading and trailing edge received 

digital communications system. data signals, at the leading edge of the receive clock signal, 

In brief summary, in one embodiment, the invention the digital data buffered by the both the leading and trailing 

provides a transmitter circuit for transmitting a digital data edge buffers of the transmitter circuit in response to the 

signal over a communication link on both a leading edge and 55 leading edge of the clock signal. 

a trailing edge of a clock signal. The transmitter circuit In a further aspect, the invention in one embodiment 
comprises a leading edge gated driver circuit, a leading edge provides a continuity test arrangement for testing the con- 
information selector, a trailing edge gated driver circuit, a tinuity of the differential signal wires during a continuity test 
trailing edge information selector, and a differential driver. operation. To accommodate the continuity test, the receiver 
The leading edge gated driver circuit receives at an input a 60 circuit's differential receiver is provided with a termination 
leading edge selected information signal and transfers it to resistor and a continuity test circuit. The differential receiver 
the differential driver for transmission over the communi- has a plurality of inputs each for connection to one of the 
cation link as the digital data signal in response to the differential communication link wires, and generates a 
leading edge of the clock signal, and is disabled at the single-ended signal representative of digital data in response 
trailing edge of the clock signal. The leading edge informa- 65 to differential signals transmitted over the wires. The termi- 
tion selector comprises a leading edge multiplexer and a nation resistor is connected between the differential receiver 
leading edge buffer. The leading edge multiplexer selec- inputs. The continuity test circuit applies a test voltage to 
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one of the dififerential receiver inputs during the link test 
operation. The digital receiver generates the single ended 
signal representative of digital data of the correct value if the 
wires are continuous between the transmitter circuit and the 
receiver circuit, and representative of the incorrect value if S 
at least one of the wires is not continuous therebetween. 

BRIEF DESCRIPTION OF THE DRAWINGS 

This invention is pointed out with particularity in the 
appended claims. The above and further advantages of this 
invention may be better understood by referring to the 
following description taken in conjunction with the accom- 
panying drawings, in which: 

FIG. 1 is a functional block diagram of a digital commu- 
nications system constructed in accordance with the inven- 
tion for transferring packets from a digital information 
source to a destination; 

FTG. 2 is a timing diagram useful in understanding the 
timing of signals transferred between the transmitter and 20 
receiver in the digital communications system depicted in 
FIG. 1; 

FTG. 3 is a schematic logic diagram of a transmitter circuit 
useful in the digital communications system depicted in 
FIG. 1; and 25 

FIG. 4 is a schematic logic diagram of a receiver circuit 
useful in the digital communications system depicted in 
FIG. 1. 


DETAILED DESCRIPTION OF AN 
ILLUSTRAnVE EMBODIMENT 


30 


FIG. 1 is a functional block diagram of a digital commu- 
nications system including driver and receiver circuits con- 
structed in accordance with the invention. The digital com- 35 
munications system 10 transfers information from a digital 
information source, such as transmitter 10, to a destination, 
such as receiver 11, over a channel 12. The transmitter 10 
and receiver 11 may be associated with any source, in the 
case of transmitter 10, or user, in the case of receiver 11, of 40 
digital information, such as digital data processing systems 
and the like. Generally, the transmitter 10 transmits, and the 
receiver 11 receives, information in the form of packets, 
each packet including one or more successive words, with 
each word comprising a plurality of bits. For each packet, 45 
the bits comprising each word are transferred (that is, 
transmitted by the transmitter 10 and received by the 
receiver 11) in parallel over respective communication links ^ 
comprising the channel 12, and successive words of the 
packet are transferred serially. 50 

With reference to FIG. 1, the transmitter 10 includes a 
plurality of slice transmitter circuits 21(0) through 21(3) 
(generally identified by reference numeral 21(i)), which 
receive, from a source (not shown) successive words com- 
prising packets to be transmitted to the receiver. Each word 55 
to be transmitted comprises a plurality of bits, and each of 
the slice transmitter circuits 21(i) receives selected ones of 
the bits from each word. In one embodiment, each word 
comprises forty bits, with each slice transmitter circuit 21(i) 
receiving ten of the bits from each word. In addition, each 60 
slice transmitter circuit 21(i) receives SLICE XMIT CTRL 
slice transmit control signals and an XMIT CLK transmit 
clock, which enables the slice transmitter circuits 21(i) to 
receive the respective slices of the successive words of each 
packet from the source and transmit them as respective 65 
SLICE DArA(0) through SUCE DArA(3) slice data signals 
(generally identified as "SLICE DATA (i)" signals) over 


respective communication links of the channel 12. In 
addition, each slice transmitter circuit 21(i) provides a 
respective SL (i) CLK slice (i) clock signal and FRAME (i) 
frame signal. As will be described below in connection with 
FIG. 2, the receiver 11 can use the SL(i) CLK slice (i) clock 
signals from the respective slice transmitter circuits 21(i) to 
control the latching of the respective SLICE DATA (i) slice 
data signals, and the FRAME (i) frame signal to identify the 
beginning and end of the data slice represented by the 
respective SLICE DATA (i) signal for each packet. 

The receiver 11 receives the respective SLICE DATA (i) 
slice data signals, FRAME(i) frame (i) signals and SL (i) 
CLK slice clock signals from the respective commimication 
links comprising channel 12 and in response aggregates the 
successive data slices defined by the SLICE DATA (i) slice 
data signals into successive words of a packet. The receiver 
11 includes a plurality of slice receive circuits 30(0) through 
30(3) (generally identified by reference numeral 30(i)). Each 
of the slice receive circuits 30(i) is connected to respective 
communication links of the channel 12 to receive the 
correspondingly-indexed SLICE DArA(i) slice data signals, 
FRAME (i) frame signal and SL (i) CLK slice (i) clock 
signal, and, as described in the aforementioned Cassiday 
patent application, includes buffering for buffering succes- 
sive slices of a packet. The slice receive circuits 30(i) will 
transfer the respective successive data slices for a particular 
packet to the downstream circuitry in synchrony. That is, for 
a packet comprising "N+1^' words from word "0" to word 
"N* (generally, "word "n""), the slice receive circuits 30(i) 
will transfer their respective data slices for word "n^' to 
downstream utilization elements when all of them (that is, 
the slice receive circuits) have received their respective data 
slices for word "n." In one embodiment, the SLICE DATA 
(i) slice data signals and FRAME (i) frame (i) signals are all 
transmitted in synchrony with their respective SL (i) CLK 
slice (i) clock signal, in which case they may somewhat" be 
out of phase; in that embodiment, the slice receive circuits 
30(i) win jointly determine when all of them have received 
their respective FRAME (i) frame signals for a particular 
packet, at which point it can enable data slices to be 
transferred from the respective slice receive circuits 30(i) to 
the downstream utilization element in parallel. 

Before proceeding further, it would be helpful to under- 
stand the timing relationships among various SLICE DATA 
(i) slice data, SL(i) CLK slice (i) clock, and FRAME(i) 
frame (i) signals transmitted by each slice transmitter circuit 
21(i) to the correspondingly -indexed slice receive circuit 
30(i). FIG. 2 depicts a timing diagram illustrating these 
timing relationships. With reference to FIG. 2, the SL (i) 
CLK slice (i) clock signal is a periodic signal defined by a 
leading (that is, positive-going) edge at times T(0), T(2), and 
so forth, and a trailing (that is, negative-going) edge at times 
T(l), T(3), and so forth between therebetween. Each slice 
transmitter circuit 21(i) transmits its respective SL (i) CLK 
slice (i) clock signal continually over the respective com- 
munication link of the channel 12 (FIG. 1). 

The FRAME (i) frame signal transmitted by a slice 
transmitter circuit 21 (i) defines the beginning and end of the 
slice transmitter circuit's respective slices for the successive 
words for a packet, the slice transmitter circuits slices being 
represented by SLICE (i) DATA slice (i) data signals which 
define successive S(i)W(0) through S(i)W(N) slice (i) word 
(n) data items (generally identified by abbreviation "S(i)W 
(n)") for an N+1 word packet. As shown at time T(0) in FIG. 
2, the FRAME (i) frame signal is asserted (that is, it has a 
leading edge) concurrently with the leading edge of the SL 
(i) CLK slice (i) clock signal, to indicate that the SLICE (i) 
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DATA slice (i) data signals transmitted by the slice trans- 
mitter circuit 21(i) at that point define the S(i)W(0) slice (i) 
word (0) data item that forms the beginning of a packet. 
Concurrently with the assertion of the FRAME(i) frame 
signal at time T(0), and concurrently with subsequent trail- 5 
ing and leading edges of the SL(i) CLK slice (i) clock signal 
at times T(l) through T(N), the slice transmitter circuit 21(i) 
will transmit SLICE (i) DATA slice (i) data signals which 
define successive S(i)\V(n) slice (i) word (n) data items of 
respective words of the packet. Between time T(N-1) and 
time T(N), the slice transmitter circuit 21(i) will negate the 
FRAME(i) frame (i) signal, to indicate that the slice defined 
by the SLICE (i) DATA slice data signals transmitted 
concurrently with the next edge of the SL (i) CLK slice (i) 
clock signal, namely, the slice transmitted at time T(N) is the 
last word for the packet. In the illustration depicted in HG. 
2, time T(N) at which the S(i)W(N) shce (i) word (N) data 
item defining the last word to be transmitted for the packet 
corresponds to a trailing edge of the SL(i) CLK slice (i) 
clock, but it will be appreciated that the S(i)W(N) slice (i) 
word (N) data item may instead be transmitted on the 
leading edge if there are an odd number of words to be 
transmitted for the packet. 

The slice receive circuit 30(i) will use edges of the SL (i) 
CLK slice (i) clock signal to control the receiving and 
subsequent processing of the FRAME(1) frame (i) signal and 
the SLICE (i) DATA slice (i) data signals defining the 
S(i)W(n) slice (i) word (n) data items. Thus, the slice 
transmitter circuit 21(i) can negate the FRAME(I) frame 
signal ahead of time T(N) so that the slice receive circuit 
30(i) will note it as being negated at time T(N). The FRAME 
(i) frame (i) signal can thus be asserted at time T(N+1), as 
indicated by the dashed line associated with the FRAME(i) 
frame (i) signal, to indicate the beginning of a subsequent 
packet, beginning with S(i)W(0) data item (not shown) 
beginning at time T(N+1) for the subsequent packet. This 
allows S(i)W(n) data items for successive packets to follow 
one another without interruption. 

As noted above, and as described in the aforementioned 
Cassiday patent application, each slice transmitter circuit 
21(i) transmits, and each slice receiver circuit 30(i) receives, 
a plurality of signals, including the SL(i) CLK slice (i) clock, 
FRAME (i) frame (i) and a pluraUty of SLICE (i) DATA 
slice data signals, with the "b-th" SLICE (i) DATAslice data 
signal defining the "b-th" data bit of each S(i)W(N) slice (i) 
word (n) data item transferred from the slice transmitter 
circuit 21(i) to the slice receiver circuit 30(i). In one 
embodiment, each of the signals is in the form of a differ- 
ential signal, which is defined by the difference in voltage 
levels on two lines which comprises a unitary link intercon- 
necting the slice transmitter circuit 21(i) and slice receiver 
circuit 30(i). One transmitter circuit 40, which transmits one 
of the signals, is depicted in FIG. 3, and one receiver circuit 
41, which is used by a slice receiver circuit 30 in receiving 
one of the signals, is depicted in FIG. 4. The transmitter ss 
circuit 40 and receiver circuit 41 as depicted in FIGS. 3 and 
4 can be used as circuit cell structures that can be instanti- 
ated and used in fabricating the digital commxmications 
system. 

As will be described below in connection with FIGS. 3 60 
and 4, the SL (i) CLK sHce (i) clock and FRAME (i) frame 
(i) signals are transmitted and received using the same 
transmitter and receiver circuits 40 and 41 as are used in 
connection with transmission and reception of the SLICE (i) 
DATAslice data signals, which will minimize any skew that 65 
may develop in connection with the transfer of the infor- 
mation from the slice transmitter circuit 21(i) to the respec- 


20 


25 


30 


35 


45 


50 


tive work receiver circuit 30(i). Generally, the transmitter 
circuit 40 and the receiver circuit 41 operate in a plurality of 
operational modes, including a normal operating mode and 
a plurality of lest modes. In the normal operating mode, the 
transmitter circuit 40 transmits information to receiver cir- 
cuit 41 during normal operation of the digital communica- 
tions system (FIG. 1). During the test modes, information is 
transferred for diagnostic or test purposes. In a boundary 
scan test mode, predetermined information, in the form of a 
boundary scan test vector, is transferred to test the operation 
of various drivers and receivers that form part of the 
information transfer path for the transmitter circuit 40 and 
receiver circuit 41. The result of the transfer, namely, a 
boundary scan result vector, is retrieved and compared to an 
expected boundary scan result vector, to determine the 
operational condition of the portion of the digital commu- 
nications system through which the boundary scan test 
vector is transferred. Similarly, in an internal scan test mode, 
information in the form of an intemal scan test vector is 
loaded in predetermined circuits of the digital communica- 
tions system and processed to form an intemal scan result 
vector, which is retrieved and compared to an expected 
internal scan result vector, to determine the operational 
condition of the respective portion of the digital communi- 
cations system. Finally, in a link test mode, the receiver 
circuit 41 can determine the condition of signal wires 
interconnecting it and the transmitter circuit 40. 

With reference to FIG. 3, the transmitter circuit 40 
includes an input control circuit 50, a transmit buffer circuit 

51 and a differential transmitter circuit 52. Generally, the 
input control circuit 50 controls the information coupled to 
the transmit buffer circuit 51 for transmission. The transmit 
buffer circuit 51, in turn, buffers the information that is 
provided by the input control circuit 50 prior to 
transmission, and the differential driver circuit 52 transmits 
the buffered information provided thereto by the transmit 
buffer circuit 51 over the respective wires LINK (1) and 
LINK (0) forming the unitary link interconnecting the slice 
transmitter circuit 21(i) and the sHce receiver circuit 30(i). 
The transmitter circuit 40 receives information from three 
sources, including circuitry (not shown) which provides 
information for transmission to the receiver circuit 41 during 
the normal operating mode, circuitry (also not shown) which 
provides information to the transmit buffer circuit 51 during 
the boundary scan test mode, and circuitry (also not shown) 
which provides information to the transmit buffer circuit 51 
during the intemal scan test mode. 

As described above in connection with FIG. 2, each slice 
transmitter circuit 21(i) transmits information concurrently^ 
with both the leading edge and the trailing edge of the SL(i) 
CLK slice (i) clock signal. Contemporaneously with the 
leading edge of an internal CLK clock signal provided by a 
clock signal source (not shown) associated with the slice 
transmitter circuit 21(i), the transmit buffer circuit 51 of the 
transmitter circuit 40 receives two bits of information to be 
transmitted, namely, the bit to be transmitted concurrently 
with the leading edge of the SL(i) CLK slice (i) clock signal 
as well as the bit to be transmitted concurrently with the 
trailing edge of the SL (i) CLK slice (i) clock signal. The 
CLK clock signal also controls a multiplexer in the buffer 
circuit 51 that couples the bits to the differential transmitter 

52 for transmission contemporaneous with the next trailing 
and leading edges of the CLK signal. For the transmitter 
circuit 40 that transmits the SL (i) CLK slice (i) clock signal, 
the information received by the transmitter circuit 40 effec- 
tively enables the transmitter circuit to provide leading and 
trailing edges of the SL (i) CLK signal contemporaneous 
with the leading and trailing edges of the CLK clock signal. 
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More particularly, and with reference to FIG. 3, the 
transmit buffer circuit 51 includes two input flip-flops 53 and 
54 which receive information bits to be transmitted from 
respective input multiplexers 55 and 56. If an INT SCAN 
SEL transmitter internal scan select signal is not asserted, 
which will be the case during the normal operating mode, 
while the transmitter circuit 40 is transmitting a SL (i) CLK 
sHce (i) clock, FRAME(i) frame (i) or SUCE (i) DATAslice 
data signal, the multiplexers 55 and 56 will couple respec- 
tive DATA (T) IN data (trailing) in and DATA (L) IN data 
(leading) in signals from the respective source. If the trans- 
mitter circuit 40 is to be used to transmit a bit of the SLICE 
(i) DATA signals, the DArA(T) IN and DATA(L) IN signals 
may be provided by, for example, a memory or other source 
of data for the respective slice of the packet being transferred 
by the slice transmitter circuit 21 (i) which contains the 
transmitter circuit 40. On the other hand, if the transmitter 
circuit 40 is to be used to transmit the FRAME (i) frame (i) 
signal, the DATA (T) IN and DATA (L) IN signals may be 


10 


While the CLK clock signal remains asserted, the gated 
drivers 62 and 63 wiU block transfer of the LAT SEL DATA 
(T)-T and LAT SEL DATA (T)-C signals to respective 
terminals of the differential driver circuit 52. However, 
contemporaneous with the trailing edge of the CLK clock 
signal, that is, the transition of the CLK dock signal from 
the asserted condition to the negated condition, and while 
the CLK signal remains negated thereafter, the gated drivers 
62 and 63 wiU couple the SEL_XMIT_DATA (T)-T and 
SEL_XMIT_DATA (1)-C true and complement selected 
transmit data (trailing) signals to the differential driver 
circuit 52, which, in turn, wfll couple them as over the 
differential signal wires LINK (1) and LINK (0) connecting 
the transmitter circuit 40 to the receiver circuit 41. 

Returning to flip-flop 54, after that flip-flop stores the SEL 
DATA (L) selected data (leading) signal in response to the 
assertion of the CLK signal as described above, it provides 
a LAT SEL DATA (L) latched selected data (leadhag) to a 
flip-flop 57. When the CLK clock signal transitions from the 


provided by a protocol signal generating circuit (not shown) asserted condition to the negated condition at its trailing 


which identifies the beginning and end of a packet being 
transferred and provides DATA (T) IN and DATA (L) IN 
signals to enable the FRAME (i) signal to be generated as 
described above. 

Finafly, if the transmitter circuit 40 is to be used to 
transmit the SL(i) CLK slice (i) clock signal, the DATA (T) 
IN data (trailing) in signal will be continuaUy maintained at 
a negated level, whereas the DAIA (L) IN data (leading) in 
signal will be continually maintained at an asserted level. As 


25 


edge, the flip-flop 57 to stores the LAT SEL DATA (L) 
latched selected data (leading) signal. The flip-flop 57, in 
turn, will provide a DEL LAT SEL DATA (L)-T delayed 
latched selected data (leading) -true signal to one input of a 
multiplexer 64, and a complementary DEL LAT SEL DATA 
(L)-C delayed latched selected data (leading) -complement 
signal to one input of a multiplexer 65. 

While the transmitter circuit 40 is not operating in the 
boundary scan test mode, the negated BSM boundary scan 


will be described below, by maintaining the DATA (T) IN 30 multiplexer control signal controls the multiplexers 64 and 


and DArA(L) IN signals at these levels, the SL(i) CLK slice 
(i) clock signal will have the pattern described above in 
connection with FIG. 2. In addition, by using a transmitter 
circuit to transmit the SL (i) CLK slice (i) clock which has 
the same structure as the transmitter circuits which are used 
to transmit the FRAME (i) frame (i) and SL (i) DATA slice 
(i) data signals, skew between the SL (i) CLK slice (i) clock 
signal and the FRAME (i) and SL (i) DATA sUce (i) data 
signals transmitted by the other transmitter circuits of the 
word transmit circuit 21 (i) wiU be minimized. 

Thus, while the INT SCAN SEL transmitter internal scan 
select signal is negated, multiplexers 55 and 56 will couple 
the respective DATA(T) IN data (trailing) in and DATA(L) 
IN data (leading) in signals as respective SEL DATA (1) 


35 


^0 


65 couple the respective true and complement DEL LAT 
SEL DATA (L)-T and DEL LArSELDATA(L)-C signals as 
SEL_XMIT_DArA (L)-T selected transmit data (leading)- 
irue and SEL_XM1T_DATA (L)-C selected transmit data 
(leading)-complement signals to respective gated drivers 66 
and 67. 

While the CLK clock signal remains negated, the gated 
drivers 66 and 67 wfll block transfer of the SEL_XMIT_ 
DATA (L)-T and SEL_XMIT_DATA (L)-C signals to 
respective terminals of the differential driver circuit 52. 
However, contemporaneous with the leading edge of the 
CLK clock signal, that is, a transition of the CLK clock 
signal from the negated condition to the asserted condition, 
and while the CLK signal remains asserted thereafter, the 


selected data (trailing) and SEL DATA (L) selected data 45 gated drivers 66 and 67 will couple the SEL_XM1T_D ATA 

(leading) signals to respective data input terminals of flip- (T)-T and SEL_XMIT_DATA (T)-C tme and complement 

flops 53 and 54. On the leading edge of the CLK clock selected transmit data (trailing) signals to the differential 

signal, (that is, when the CLK clock signal transitions from driver circuit 52, which, in turn, wfll couple them as over the 

the negated condition to the asserted condition), the flip- differential signal wires LINK (1) and LINK (0) connecting 

flops 53 and 54 will latch the respective SEL DATA (T) 50 the transmitter circuit 40 to the receiver circuit 41. 


selected data (trailing) and SEL DATA (L) selected data 
(leading) signals. 

After latching the SEL DATA (1) selected data (trailing) 
signal in response to the assertion of the CLK clock signal, 
the flip-flop 53 provides a LAT SEL DATA (T)-T latched 
selected data (traiUng)-true signal to one input of a multi- 
plexer 60 and complementary LAT SEL DATA (T)-C 
latched selected data (trailing)-complemcnt signal to one 
input of a multiplexer 61. While a BSM boundary scan 


It wiU be appreciated that the gated drivers 62, 63, 66 and 
67 effectively form a multiplexer that, during normal opera- 
tion of the transmitter circuit 40 selectively couples signals 
from flip-flop 53 or 57 to the differential driver 52 during 
55 respective portions of the cycle of the CLK clock signal. In 
particular, during the portion of the CLK clock signal's cycle 
during which it (that is, the CLK clock signal) is asserted, 
the multiplexer formed by gated drivers 62, 63, 66 and 67 
couples signals from the flip-flop 57 to the differential driver 


multiplexer control signal is negated, which wiU be the case 60 52, and blodcs signals from the flip-flop 53, during the 


other than during the boundary scan test mode, the multi- 
plexers 60 and 61 couple the respective true and comple- 
ment LAT SEL DATA (T)-T and LAT SEL DATA (T).C 
signals as SEL JCMIT_D ATA (T)-T selected transmit data 
(trailing)-true and SEL_XMIT_DATA (T)-C selected 
transmit data (trailing)-complement signals to respective 
gated drivers 62 and 63. 


65 


portion of the CLK clock signal's cycle during which it (that 
is, the CLK clock signal) is asserted. On the other hand, 
during the portion of the CLK clock signal's cycle during 
which it (that is, the CLK clock signal) is negated, the 
multiplexer formed by gated drivers 62, 63, 66 and 67 
couples signals from the flip-flop 53 to the differential driver 
52, and blocks signals from the flip-flop 57, during the 
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portion of the CLK clock signal's cycle during which it (that and 66, 67 to couple the signals therefrom to the differential 

is, the CLK signal) is negated. driver 52 for transmission. This one-half cycle delay is 

The operations described above will continue through provided to allow sufBcient time for signals provided by the 

successive periods of the CLK clock signal. Accordingly: respective flip-flops 53 and 57 to propagate and settle at the 

(A) At the leading edge of the CLK dock signal, when the ' ^^P^^^ to the respective gated drivers 63 63, 66, 67, which, 
CLK signal transitions from the negated condition to i° mmmiizes the delay m providing the respecUve 
the asserted condition* signals to the differential driver 52 for transmission, and in 

(i) the gated drivers 62 and 63 are disabled, thereby to addition wiU minimize any variation in such delay as among 
block transmission of the contents of flip-flop 53 by t^e transmitter circuits 40 for the respective signals trans- 
the differential driver 52; 1° "^^"^^ ^Uce transmitter circuit 21(i). 

(ii) gated drivers 66 and 67 are enabled, thereby to ^s descnbed above, the transmitter circuit 40 for trans- 
couple the contents of flip-flop 57 to differential "^i^^^S ^L (i) CLK sUce (i) clock signal has the same 
driver 52 for transmission; structure as that shown on FIG. 3. For the transmitter circuit 

(iii) the flip-flop 53 latches the SEL DATA (T) IN transmitting the SL (i) CLK shce (i) clock signal, the 
selected data (trailing) in signal from multiplexer 55; ^5 DArA(T) IN data (trailing) in signal provided to multiplexer 
^jjj 55 is maintained at a negated level, and the DATA (L) IN 

(iv) the flip-flop 54 stores the SEL DATA (L) IN data (leading) in signal is maintained at an asserted level. In 
selected data aeading) in signal from multiplexer 56. ^^at condition, during normal operation of the trarismitter 

/T^\ «7L-i r^T 1 1 • 1 • ' * J Circuit 40, the INT SCAN SEL signal will enable the 

(B) While the CLK clock signal remams in the asserted , „ . i .i. a^^a /-t*. 
condition* '^^ multiplexers 55 and 56 to couple the respective DATA (T) 

/ J J • J • J- t-1 J 4L u IN data (trailine) in and DAIA (L) IN data (leading) in 

(i) the gated dnvers 62 and 63 remain disabled, thereby . . , n • n j j 4. j 

^ * .11- , - r*. \ * r sienals to the respective flip-flops 53 and 54, as described 

to contmue blockmg transmission or the contents of ° t .v- u fu ^- • i n 

a- a u *u i j • m j above. In this case, however, the respective signals will 

flip-flop 53 by the differential driver 52; and . , * j r - *u r^u ^ at a /?mkt j . 

/"•\*u * jj- iT*: J ui J *u u continuaUy be negated (in the case of the DATA (T) IN data 

(u) the gated dnvers 66 and 67 remain enabled, thereby m- v • • T\ j /• ^.l t/at-a/t\ 

to continue coupling the contents of flip-flop 57 to « > ^1 '^f u ^ 

j-cf 1 J • r . • • r r jj^j j^jj^ (leading) in signal). Thus, the signal stored by the 
differential driver 52 for transmission. a n j •« i: n • . • j • 
^ . . .1 1 flip-flops 54 and 57 wifl be continuaUy mamtamed m the 

(C) At the trailmg edge of the CLK signal, when the CLK ^^^^^^^ condition, and so the DEL SEL DATA (L)-T 
signal transitions from the asserted condiUon to the ^^^^^^^ ^^^^^^^^ ^^^^ ^^^^g) SEL_XM1T_ 
negated condiUon: ....... 30 DATA (L)-T selected transmit data leading -true signals wfll 

(i) the gated dnvers 66 and 67 are disabled, thereby to continually maintained in the asserted condition. 

termmate couphng of the contents of the flip-flop 57 Contrariwise, the complement DEL SEL DATA (L)-C 
to the differential dnver 52; , , , delayed selected data (leading)-complement and SEL_ 
(u) the gated dnvers 62 and 63 are enabled, thereby to xMIT_DArA (L)-C selected transmit data leading- 
couple the contents of flip-flop 53 to the differential complement signals wiU be continually maintained in the 
.i^r'I a' ^ _ negated condition. In this condition, at the leading edge of 
(111) the flip-flop 57 latches the signal provided thereto CLK clock signal, that is, when it (that is, the CLK clock 
by flip-flop 54 (which signal will be coupled to ^. ^^^^ ^^^^^ condition, the gated drivers 66 
differential driver 52 when the CIX signal is next respective asserted tme SEL„ 
asserted, reference item (AXu) above). ^ XMIT.DATA (L).T selected transmit data (leading)-tnie 

(D) While the CLK clock signal remains m the negated a^d negated complement SEL_XMIT_DATA (L)-C 
condition: selected transmit data leading-complement signals to the 

(i) the gated drivers 62 and 63 remain enabled, thereby differential driver 52. Since the assertion of the CLK clock 
to continue coupling of the contents of the flip-flop ^jgnal also turns off the gated drivers 62 and 63, the signals 
53 to the differential driver 52 for transmission; and 45 provided the gated drivers 66 and 67 will enable the differ- 

(ii) the gated drivers 66 and 67 remain disabled, thereby e^tial driver to transmit an asserted SL (i) CLK shce (i) 
to continue blocking transmission of the contents of ^-jock onto the differential signal wires connected thereto, 
flip-flop 57 by the differential driver 52. -phe gated drivers 62, 63, 66 and 67 will enable the differ- 

It wiU be appreciated from the above that, for the signals gntial driver 52 to maintain the SL (i) CLK sHce (i) clock 

latched in respective flip-flops 53 and 54 when the CLK 50 signal on the differenUal signal wires LINK (1) and LINK 

clock signal is asserted at time "t": (q) the asserted condition while the CLK clock signal is 

(i) the signal that is latched in flip-flop 53 at time "t" will asserted. 

be transmitted by the differential driver 52 contempo- On the other hand, the signal stored by the flip-flop 53 will 

raneous with the trailing edge of the CLK signal's cycle be continuaUy maintained in the negated condition, and so 

immediately following time "t" and whflc it (that is, the ss the SEL DATA (T)-T selected data (traiHng)-true and SEL__ 

CLK clock signal) remains in the negated condition, XMIT_DArA (T)-T selected transmit data traihng-tnie sig- 

and nals will be continually maintained in the negated condition. 

(ii) the signal that is latched in flip-flop 54 at time "t" will Contrariwise, the complement SEL DATA (T)-C delayed 
be copied into flip-flop 57 contemporaneous with the selected data (trailing) complement and SEL_XMIT_ 
trailing edge of the CLK signal following time "t," and 60 DATA (T)-C selected transmit data trailing-complement 
will be transmitted by the differential driver 52 con- signals wfll be continually maintained in the asserted con- 
temporaneous with the leading edge of the CLK signal dition. In this condition, at flie trailing edge of the CLK 
at time "t+1" and while it (that is, the CLK clock signal) clock signal, that is, when it (that is, the CLK clock signal) 
remains in the asserted condition. shifts to the negated condition, the gated drivers 62 and 63 

Thus, each of the flip-flops 53 and 57 wifl latch its respective 65 will couple the respective asserted true SEL_XMIT_DATA 

signal one-haff cycle of the CLK signal before the CLK (T)-T selected transmit data (trailiQg)-true and negated 

clock signal enables the respective set of gated drivers 62, 63 complement SEL_^XMIT_DATA (T)-C selected transmit 
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data (trailiDg)-coinplemeDt signals to the differential driver trailing edges of a DEL_RCV__CLK delayed receive clock 

52. Since the negation of the CLK clock signal also turns off signal. As described in the aforementioned Cassiday patent 

the gated drivers 66 and 67, the signals provided the gated application, the DEL_RCV_CLK delayed receive clock 

drivers 62 and 63 wiU enable the differential driver to signal is generated by a delay circuit (not shown) in the slice 

transmit a negated SL (i) CLK slice (i) clock onto the S receive circuit 30. The leading and trailing edges of the 

differential signal wires connected thereto. The gated drivers DEL_RCV_CLK delayed receive clock signal are delayed 

62, 63, 66 and 67 will enable the differential driver 52 to from the corresponding edges of the RCV_CLK receive 

maintain the SL (i) CLK slice (i) clock signal on the clock by an amount of time required to allow the SEL DATA 

differential signal wires LINK (1) and LINK (0) in the IN selected data in signal to settle at the inputs of the 

negated condition while the CLK clock signal is negated. lO circuitry in the receive buffer 82, as described below. 

Thus, the leading and trailing edges of the SL (i) CLK slice The receive buffer 82 composes flip-flops 90, 91 and 92, 

(i) clock signal corresponds to the leading and trafling edges a multiplexer 93 and an inverter 94. The flip-flop 90 is 

of the CLK signal. coaaected to latch the SEL DATA IN selected data in signal 

The receiver circuit 41 used in the slice receiver circuit 30 on ^he leading edge of the DEL_RCV_CLK delayed 

is depicted in FIG. 4. With reference to FIG. 4, the receiver 15 receive clock signal, which is coupled to the flip-flop 90 by 

circuit 41 includes a differential receiver 80, an input select a multiplexer 88 as a RCV__BUFFER_CLK receive buffer 

circuit 81 and a receive buffer circuit 82. The differential clock signal while the INTSCAN SELinternal scan selected 

receiver circuit 80 is connected to receive the differential mode signal is not asserted. As noted above, the INT SCAN 

signal from the LINK (1) and LINK (0) wires transmitted by SEL signal will be negated while the receiver circuit 41 is 

the differential driver 52 of the transmitter circuit 40 con- 20 operating in the normal operating mode. The flip-flop 90, m 

nccted thereto. In response, and if a RCV_CTRL receive turn, provides a RCV_DArA (L) receive data (leading) 

control signal is negated the differential receiver circuit 80 signal representative of the latched SEL DATA IN signal to 

generates a single-ended LINK DAIA IN signal. The dif- downstream circuitry (not shown). As described in the 

ferential receiver circuit 80 has a predetermined hysteresis aforementioned Cassiday patent application, downstream 

characteristic so as to provide the LINK DATA IN signal 25 circuitry used in one embodiment of the shce receive circuit 

with suitable leading and traihng edges in response to the 3*^(0 includes 

complementary changes in the voltage levels defining the (i) for the receiver circuits 41 which receive the SLICE (i) 

differential signal on the LINK (1) and LINK (0) wires; in DATA signals, a FIFO buffer for storing bits compris- 

particular, the differential receiver circuit 80 provides, for ing the successive words of a packet, and 

example, a leading edge for the LINK DATA IN signal when 30 (ii) for the receiver circuit 41 which receives the FRAME 

the voltage difference between the LINK (1) wire and LINK (i) frame (i) signal, a circuit for using the FRAME (i) 

(0) wire reaches a predetermined positive level, and a signal to identify the beginning and end of a packet and 

trailing edge when the voltage level reaches a corresponding control the storage of the packet in the FIFO, 

negative level. It will be appreciated that the SEL DATA IN signal at the 

The differential receiver 80 provides the LINK DATA IN 35 leading edge of the DEL_RCV_CLK delayed receive clock 

signal to several components in the input select circuit 81, signal represents a data bit provided by the flip-flop 57 (FIG. 

including a receive clock buffer circuit 83 and multiplexers 3) as described above. 

84 and 86. The receive clock buffer circuit 83 provides a On the other hand, the flip-flop 91 is connected to latch the 

RCV_CLK receive clock signal, which, if the receiver SEL DATA IN selected data in signal on the trailing edge of 

circuit 41 is connected to receive the SL (i) CLK slice (i) 40 the DEL_RCV_CLK delayed receive clock signal. It will 

clock signal, is distributed to the other receiver circuits of be appreciated that the SEL DATA IN signal at that point 

the slice receiver circuit 30(i) to control reception by them represents a data bit as provided by the flip-flop 53 for 

of the FRAME (i) frame (i) and SLICE (i) DATA slice data transmission over the differential signal wires LINK(1) and 

signals, as described in the aforementioned Cassiday patent LINK(0) as described above. The flip-flop 91 wiQ provide 

application. The RCV_CLK receive clock signal will fol- 45 the latched SEL DAD^ IN signal as a LAT SEL DATA IN 

low the same assertion and negation pattern and timing as latched selected data in signal to one input of the multiplexer 

the SL (i) CLK slice (i) clock signal, which, in tum, 93. If the INT SCAN SEL internal scan select signal is not 

corresponds to the same assertion and negation pattern and asserted, which will be the case while the receiver circuit 41 

timing as the CLK signal of the transmit circuit 40 which is operating in the normal operating mode, the inverter 94 

generated the SL (i) CLK slice (i) clock signal (ignoring 50 enables the multiplexer 93 to couple the LAT SEL DATA IN 

propagation delays across comprising wires LINK (1) and signal as a SEL__RCV_J)ArA selected receive data signal 

LINK (0)). to flip-flop 92. Fhp-flop 92, in tum, latches the SEL_RCV_ 

For the receiver circuits 41 of the slice receive circuit 30 DATA signal at the next leading edge of the DEL_RCV__ 

which receive the other signals, namely, the FRAME (i) and CLK delayed receive clock signal, and couples the latched 

SLICE (i) DATA signals, while an INT SCAN SEL internal 55 signal as a RCV_DArA('0 receive data (trailing) signal to 

scan select signal and the BSM boundary scan multiplexer the downstream circuitry (not shown), 

control signal are both negated, a NAND gale 87 will assert It wiU be appreciated that the RCV_DArA (L) receive 

a SEL LINK DATA select link data signal, which, in turn, data (leading) and RCV_DATA (T) receive data (traihng) 

enables multiplexer 84 to couple the LINK DATA IN signal signals which are contemporaneously latched in the flip- 

to the receive buffer 82 as a SEL DATA IN selected data in 60 flops 90 and 92 of the receive circuit 41 (FIG. 4) in response 

signal Both the INT SCAN SEL internal scan select and the to the leading edge of the DEL_RCV_CLK delayed 

BSM boundary scan multiplexer control signals will be receive clock signal, represent bits that correspond to the 

negated during normal operation of the receiver circuit 41, pair of bits represented by the DATA (L) IN data (leading) 

that is, when data is being transferred between the respective in and DATA (T) IN data (trailing) in signals which are 

shce transmit and shce receiver circuits 21(i) and 30(i) (FIG. 65 contemporaneously latched in the flip-flops 53 and 54 of the 

1). The receive buffer 82 receives and latches the SEL DATA transmit circuit 40 (FIG. 3) in response to the leading edge 

IN selected data in signal in response to both the leading and of the CLK signal. This follows from the facts that 
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(i) there are three flip-flops, namely, flip-flops 54, 57 and of cycles to generate a boundary test result vector, which is 
90, in the path from the input to the transmit circuit 40 retrieved and studied to determine whether the circuits are 
(that is, at multiplexer 56) to the output from the operating properly. In one embodiment, the boundary scan 
receiver circuit 41 (that is, the output of flip-flop 90) for test operation is in conformance with the boundary scan 
the bit transferred at the leading edge of the transmit 5 described in the IEEE Specification 1149.1 . Generally, in the 
circuit's CLK signal, boundary scan test mode, only certain circuits, in particular 

(ii) there are also three flip-flops, namely, flip-flops 53, 91 circuits which generate signals for transmission over the 
and 92, in the path from the input to the transmit circuit differential signal wires LINK (1) and LINK (0) are tested. 
40 (that is, at multiplexer 55) to the output from the Thus, within limitations described below in connection with 
receiver circuit 41 (that is, the output offlip-flop 92) for operations performed during the link test mode, during 
the bit transferred at the trailing edge of the transmit operations performed while in the boundary scan test mode, 
circuit's CLK signal, and Ihe differential signal generation, transfer and receiving 

(iii) the leading and trailing edges of the slice transmitter circuitry can be tested. Similar operations are perfomied in 
circuit's CLK correspond to the leading edge and the mtemal scan test mode, but generally in connection with 
traihng edges of the SL (i) CLK slice (i) clock signal ^""'^ ^^^^^^^^ ^^^S^ ^""^^^ circuitry comprising the 
and thus the leading and trailing edges of the RCV_ transmitter circuits 21(i) and slice receiver circuits 
CLK receive clock signal. JWtU- 

More particularly, as described above, for the signals With reference to FIG. 3, the transmitter circuit 40 further 

latched in respective flip-flops 53 and 54 at time "t" of the "^^^^^^^^ ^ multiplexer 70, flip-flops 71 and 72 and inverters 

CLK clock signal: '^^ ^ connection with a boundary scan test 

/.V,. 1 *u * • 1 * u J • a - £1 M . 11 operation while in the boundary scan test mode. In addition, 

(i) the signal that is latched in flip-flop 53 at time "t ' wiU - - t ^ w- i ocr ^ 1 

u . J u j-£P 5 1 J • CI . the receiver cu-cuit 41 mcludes multiplexers 85 and 86 and 

be transmitted by the differential dnvcr 52 contempo- a- a oe j nic r • -^l *l l j 

tt, * -1- A 4?.u oTT^ 1 1 • 1 flip-flops 95 and 96 tor use mcormection with the boundary 
raneous with the traikng edge of the CLK clock signal . , tuu i ■ *u u j * * j 

A' * ^ e ^^ f a u i /-^t. * ■ *u ^can test Operation, While in the boundary scan test mode, 

immediately followmg time "t and while It (that is, the ,au *u u a h 

r-T If ^ir^^t o,-„r.on ,™o;«o as noted above, the boundary scan test vector is initially 

CLK clock signal) remams in the negated condition, i j j • * . • a- a c . -^^ 

* ^ ^ ' loaded into the respective flip-flops 71 of the transmitter 

^ , , . , . , . o . . circuits 40 of the slice transmitter circuits 21(i), and the 

(n) the signal that is latched in flip-flop 54 at time "t" will respective flip-flops 95 of the receiver circuits 41 of the slice 

be transmitted by the differential driver 52 contempo- ^^^^^^^^ ^^^^^^ ^^^^^ ^ operation, the flip-flops 71 and 
raneous with the leading edge of the CLK signal at time 3^ transmitter and receiver circuits 40 and 41 are 

"t+1" and while it (that is, the CLK clock signal) connected in series to effectively form a shift register, 

remams m the asserted condition. ^^^^^^^^ ^t^^^ij ^1^^ boundary scan test vector is then shifted. 

To form the shift register, a SHIFT DR shift enable signal 

(iii) the signal transmitted by the transmitter circuit 40 controls the multiplexers 70 (FIG. 3) and 86 (FIG. 4) to 
contemporaneous with the trailing edge of the CLK 35 couple respective XMTR_BSI transmitter boundary scan 
clock signal at time "t" will be received by the receiver input and RCVR_BSI receiver boundary scan input signals 
circuit 41 and latched by flip-flop 91 contemporaneous to the respective flip-flops 71 and 95, which latch them (that 
with the trailing edge of the DEL_RCV_CLK delayed is, the respective signals) at leading edges of the CLK DR 
receive clock signal following time «r", and wiU be clock signal The outputs of the respective flip-flops 71 and 
copied to flip-flop 92 contemporaneous with the lead- 40 86 are coupled as respective XMTR_BSO and RCVR_ 
ing edge of the DEL_RCV__CLK delayed receive BSO transmitter and receiver boundary square output sig- 
clock signal at time "r+1," and Qals to the inputs of flip-flops 72 and 96. 

(iv) the signal transmitted by the transmitter circuit 40 If a flip-flop 71 or 96 is the first flip-flop forming the 
contemporaneous with the leading edge of the CLK boundary scan shift register, the respective XMTRJSI 
clock signal at time "t-i-1'* will be received by the 45 and/or RCVR_BSI signal(s) may be provided by a bound- 
receiver circuit 41 and latched by flip-flop 90 contem- ary scan test vector source (not shown) which provides the 
poraneous with the leading edge of the DEL_RCV__ successive bits comprising the boundary scan test vector as 
CLK delayed receive clock signal at time "r+l." the boundary scan test vector is shifted through the shift 

Thus, bits defined by signals latched by both flip-flops 53 register. Alternatively, for the flip-flops 71 and 96 which arc 
and 54 of the transmitter circuit 40 at time "t," will be 50 not the first flip-flop in the boundary scan shift register, the 
latched in both flip-flops 90 and 92 and available to circuitry respective XMTrJjBSI and RCVRJSI signals are pro- 
(not shown) downstream thereof at time "r+l." vided by respective preceding flip-flops forming the bound- 
As described above, the transmitter circuit 40 and receiver ary scan shift register through which the boundary scan test 
circuit 41 also operate in three test modes, including a vector is shifted. In particular, the XMTR_BSI signal 
boundary scan test mode, an internal scan test mode and a 55 received the multiplexer 70 of a particular transmitter circuit 
Unk test mode. Generally, the entire digital communications 40 can comprise, for example, the XMTR_BSO signal 
system (FIG. 1) wfll be operating in the respective test mode, provided by a flip-flop 71 of another transmitter circuit 40 in 
so that all of the transmitter and receiver circuits 40 and 41 a sHce transmitter circuit 21(i) in the transmitter 10 (FIG. 1). 
in the slice transmitter and sUce receiver circuits 21(i) and Similarly, the RCVR__BSI signal received the multiplexer 
30(i) will be operating in the respective test mode contem- 60 8 6 of a particular receiver circuit 41 can comprise, for 
poraneously. example, the RCVR_BSO signal provided by a flip-flop 95 
In boundary scan test mode, the transmitter circuit 40 and of another receiver circuit 40 in a slice receiver circuit 30(i) 
receiver circuit 41 operate to perform a boundary scan test in the receiver 12 (FIG. 1). Thus, when the SHIFT DR shift 
operation, in which a boundary test vector is loaded into signal is asserted to enable the multiplexers 70 and 86 to 
selected circuits, clocking signals controlling the slice trans- 65 couple respective XMTR__BSI and RCVR_BSI signals to 
mitter circuits 21(i) and slice receiver circuits 30(i), such as the inputs of the respective flip-flops 71, since the XMTR_ 
the CLK clock signal, are advanced a predetermined number BSI and RCVR_BSI signals correspond to XMTR_BSO 
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and RCVR_BSO signals from respective preceding flip- The differential signal transmitted by the differential 
flops or from a boundary scan test vector source, the driver 52 over differential signal wires LINK (1) and LINK 
flip-flops 71 and 96 form a shift register, as described above, (0) will be received by the differential receiver 80 and 
with the successive bits of the boundary scan test vector provided as the single-ended LINK DATA IN signal as 
being shifted through the flip-flops on successive leading 5 described above. It will be appreciated that, if the differential 
edges of the O^K DR clock signal. signal wires and receiver 80 are operating properly, the 
After the boundary scan test vector is shifted into the LINK DATA IN signal is representative of the differential 
flip-flops forming the boundary scan shift register, including signal as transmitted by the differential transmitter 52. Since 
flip-flops 71 (FIG. 3) and 95 (FIG. 4), the SHIFT DR shift the SHIFT DR signal is at this point negated, the multiplexer 
signal can be negated. In addition, an UPDATE DR update 86 couples the LINK DATAIN signal to flip-flop 95. When 
signal will be asserted, which enables the flip-flops 72 and the CLK DR clock signal is next asserted, the flip-flop 95 
96 to latch the respective signals provided thereto by the will latch the LINK DATA IN signal. The LINK DATAIN 
flip-flops 71 and 95. Thus, when the UPDATE DR signal is signal latched by flip-flap 95 corresponds to a bit of the 
asserted, the flip-flop 72 (FIG. 3) wfll latch the output signal boundary scan result vector, which can be shifted out in a 
provided by the flip-flop 71, which corresponds to the manner similar to that described above in connection with 
particular bit of the boundary scan test vector to be finaUy shifting in of the boundary scan test vector. In that operation, 
latched by flip-flop 71 during the boundary scan test vector the SHIFT DR shift signal wiU be asserted, to enable the 
shift operation. The flip-flop 72 provides the latched signal boimdary scan shift register to be reestablished as described 
to inverter 73, which provides an XMIT_BS-C transmit above. On successive leading edges of the CLK DR clock 
boundary scan-complement signal, which, in turn, is pro- signal, the bits comprising the boundary scan result vector 
vided to multiplexers 61 and 65 of the transmit buffer 51. 20 will be shifted through the flip-flops comprising the bound- 
Inverter 74, in turn, complements the XMITJS-C signal to ary scan shift register, including flip-flop 95. The boundary 
generate an XMIT_BS-T transmit boundary scan-true scan result vector can be provided by the last flip-flop in the 
signal, which is provided to multiplexers 60 and 64 of the boundary scan shift register to a destination (not shown), 
transmit buffer 51. Similarly, when the UPDATE DR signal which can analyze the boundary scan result vector as 
is asserted, the flip-flop 96 (FIG. 4) will latch the output 25 described above. 

signal provided by the flip-flop 95, which corresponds to the Remming to FIG. 3, it wiU be appreciated that, whUe the 

particular bit of the boundary scan test vector to be finafly ^^^PT DR shift signal is negated during the boundary scan 

latched by flip-flop 95 during the boundary scan test vector ^^^^ operation, the multiplexer 70 wiU also be enabled to 

sluft operation. Tlie flip-flop 96, in turn, provides a RCVR ^ ^ XMTR_SCAN_OUT (T) transmitter scan out 

muld Xcxc^sl ^^'"^P ^^""^ ^ described 

• u J . ♦ »u TicT^>ru A below in more detail connection with the internal scan mode, 

Durmg the boundary scan test operation, the BSM bound- vxx-m o/^akt i-^rTT^AiA ■ i- • j ^ u u 

ary scan mode signal wiU also asserted. In that condition, ^he XMTK_SCAN OUT (T) signal is provided by a buffer 

multiplexers 60 and 64 wiU couple the XMIT_BS-T trans- comprismg two serially-connected inverters 75 and 76, and 

mit boundary scan-true signal as the respective SEL_XMIT corresponds to the LAT SEL DATA (T) IN latched selected 

DATA (T)-T selected transmit data (trailing)-true and SEL_ data (trafling) signal provided by the flip-flop 53 in transmit 

XMIT_DArA (LET selected transmit data (leading)-true buffer 51. Thus, while the contents of flip-flop 72 are being 

signals to the respective gated drivers 62 and 66. Similarly, transmitted over the differential signal wires LINK (1) and 

multiplexers 61 and 65 will couple the XMIT_BS-C trans- LINK (0) as described above, the multiplexer 70 is coupling 

mit boundary scan-complement signal as the respective the XMTR_SCAN_OUT(T) transmitter scan out (trailing) 
SEL__XMIT_DArA (T)-C selected transmit data (trailing) 40 signal, which is representative of the contents of flip-flop 53, 

complement and SEL_XMIT_DArA (L)-C selected trans- to the input of flip-flop 71. The flip-flop 71 can latch the 

mit data (leading)-complement signals to the respective XMTR„SCAN_OUT (T) signal when the CLK DR signal 

gated drivers 63 and 67. If the CLK clock signal is at this is next asserted. Since this wifl occur while the SHIFT DR 

point in the asserted condition, the gated drivers 66 and 67 shift signal is negated, it wifl be appreciated that the flip-flop 
wifl be enabled to couple the respective SEL_XMIT_ 45 71 will latch the XMTR_SCAN„OUT(T) transmitter scan 

DATA (L)-T and SEL_XMIT__DATA (L)-C) signals as the out (trailing) signal contemporaneous with the latching by 

SEL_XMIT_DATA-T selected transmit data-true and flip-flop 95 (FIG. 4) of the signal received from the differ- 

SEL__XM1T_DATA-C selected transmit data-complement ential driver 52 by the differential receiver 80 during the 

signals for transmission by the differential driver 52 over the boundary shift test operation as described above, 
differential signal wires LINK (1) and LINK (0). On the 50 As described above in connection with FIG. 3, the bit of 

other hand, if the CLK clock clock signal is at this point in the boundary scan test vector loaded in flip-flop 71 wifl be 

the asserted condition, the gated drivers 66 and 67 will be transferred to flip-flop 72 when the UPDATE DR update 

enabled to couple the respective SEL_XMIT_DArA (T)-T signal is asserted. Returning to FIG. 4, contemporaneously, 

and SEL__XMIT_DATA (T)-C) signals as the SEL_ the bit of the boundary scan test vector which is loaded in 
XMIT_DATA-T selected transmit data-tme and SEL_ 55 flip-flop 95 when the vector is shifted in will be transferred 

XMIT_DArA-C selected transmit data-complement signals to flip-flop 96. Since the INT SCAN SEL internal scan select 

for transmission by the differential driver 52 over the dif- signal is negated while the transmitter circuit 40 and receiver 

ferential signal wires LINK (1) and LINK (0). It wiU be circuit 41 are operating in the boundary scan test mode, a 

appreciated, however, that, if the multiplexers 60, 61, 64 and multiplexer 85 will couple the output signal provided by 
65 and gated drivers 62, 63, 66 and 67 are operating 60 flip-flop 96 as a SEL TEST selected test signal to one input 

properly, the respective SEL__XMIT_DATA-T and SEL_ of multiplexer 84. Since, as described above, the BSM 

XMlT_DArA-C signals wiU have the same condition boundary scan mode signal is asserted during the boundary 

regardless of whether the CLK clock signal is asserted or scan test operation, the multiplexer 84 wifl couple the SEL 

negated, in particular the respective conditions determined TEST signal to the inputs of flip-flops 90 and 91 as the SEL 
by the XMIT_BS-T and XMrr_BS-C transmit boundary 65 DATA IN selected data in signal. 

scan true and complement signals generated by the inverters In the internal scan test mode, the digital commimications 

74 and 73. system (FIG. 1) performs an internal scan test operation, in 
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wbich an internal scan lest vector is shifted into flip-flops plexer 56. With the INT SCAN SEL internal scan select 

which are used during the normal operating mode, in par- signal in the asserted condition, the multiplexer 56 couples 

ticular flip-flops 53, 54 and 57 in the transmitter circuit 40, the XMTR_SCAN_OUT (T) transmitter scan out (trailing) 

and flip-flops 90 and 92 of the receiver circuit, the CLK signal as the SEL DATA (L) IN selected data (leading) in 

clock signal is allowed to toggle one or more times (that is, S signal to flip-flop 54, which latches the signal on the next 

shift from the asserted to the negated condition or from the leading edge of the CLK clock signal and provides the LAT 

negated to the asserted condition), and then the contents of SEL DATA (L) IN latched selected data (leading) in signal, 

the flip-flops, which form an internal scan result vector, is in the same manner as during the normal operating mode. It 

shifted out of the flip-flops. Except for the flip-flops 53, 54 will be appreciated that the LAT SEL DATA (L) IN-T signal 

and 57 in the transmitter circuit 40 which is used to transmit lo provided by flip-flop 55 following the leading edge of the 

the SL (i) CLK slice (i) clock signal, the bits of the internal CLK clock signal at time "t" as the internal scan test vector 

scan test vector may comprise any value. As wiU be apparent is being shifted in, will correspond to the LAT SEL DATA 

from the foUowing, for the flip-flops 53, 54 and 57 in (T) IN-T signal provided by flip-flop S3 following the 

transmitter circuit 40 which is used to transmit the SL (i) leading edge of the CLK signal at time "t-1." 

CLK slice (i) clock signal, the bits of the internal scan vector 15 In addition, the flip-flop 57 will latch the LAT SEL DAIA 

which will be stored in the flip-flops wiU preferably corre- (L) IN signal provided by flip-flop 54 on the next trailing 

spond to the bits defined by the respective DArA(l^ IN data edge of the CLK clock signal, and provide the DEL SEL 

(trailing) in and DATA (L) IN data leading in signals DATA (L) IN-T delayed selected data (leading) in-true 

provided thereto while in the normal operating mode. This signal in the same manner as during the normal operating 

wiU allow the transmitter circuit 40 which is used to transmit 20 mode. A buffer comprising two serially-connected inverters 

the SL(i) CLK sHce (i) clock signal to transmit the signal as 77 and 78 couples the DEL SEL DATA (L) IN-T delayed 

it would normally while the digital communications system selected data (leading) in-true signal from the flip-flop 57 as 

is in the normal operating mode, which, in turn, wfll aUow a XMTR_SCAN_OUT transmitter scan out signal, which, 

the receiver circuit 41 (FIG. 3) which receives the SL (i) if a next flip-flop is connected in the internal scan vector 

CLK slice (i) clock sigaal to properly generate the RCV_ 25 shift register, will be coupled to that next flip-flop. It will be 

CLK signal and enable the other receiver circuits 41 to appreciated that the XMTR_SCAN_OUT transmitter scan 

receive the respective signals transmitted thereto during the out signal provided by inverter 77 foUowing the trailing 

internal scan test operation. edge of the CLK clock signal at time "i+W while the 

While the internal scan test and result vectors are shifted internal scan test vector is being shifted in, will correspond 

into and out of the flip-flops, the INT SCAN SEL internal 30 to the LAT SEL DATA (L) IN signal provided by flip-flop 54 

scan select signal is asserted, which interconnects the flip- following the leading edge of the CLK signal at time "t." 

flops which are to receive the internal scan test vector, and Thus, for the bit of the internal scan test vector repre- 

from which the internal scan result vector is to be retrieved, sented by the XMTR_1NT_SCAN_IN transmitter internal 

in a shift register, through which the respective vectors arc scan in signal latched by flip-flop 53 in response to the 

shifted in response to successive respective edges of the 35 leading edge of the CLK signal at time "t-1," that bit wfll 

CLK signal in the transmitter circuit 40 and an INT SCAN be latched by the flip-flop 54 in response to the leading edge 

SHIFT CLK internal scan shift clock signal in the receiver of the CLK signal at time "t" and flip-flop 57 in response to 

circuit 41. The INT SCAN SHIFT CLK signal used to shift the trailing edge of the CLK signal at time "t+^.^* 

the internal scan result vector in receiver circuit 41 may Accordingly, foUowing time "t+^/4," both flip-flops 54 and 57 

comprise the clock signal generally used to synchronize 40 will be storing bits of the internal scan test vector which 

operations in the sUce receive circuit 30(i), illustratively the represent the same value. In addition, if there is a next 

RCVR_CLK receiver clock signal as described in the flip-flop in the internal scan shift register, that next flip-flop 

aforementioned Cassiday patent appUcation, since whfle the can latch the bit at time "t+1." 

vectors are being scanned into and out of the flip-flops the With reference to FIG. 4, when the INT SCAN SEL signal 
condition of the RCV__CLK receive clock signal will gen- 45 is asserted, the multiplexer 85 couples a RCVR_INT__ 
eraUy not change. SCAN_IN receiver internal scan in signal as the SEL TEST 
More specifically, and with reference to FIG. 3, when the selected test signal to one input of multiplexer 84. The 
INT SCAN SEL internal scan select signal is asserted, the asserted INT SCAN SEL internal scan select signal also 
multiplexer 55 couples an XMTR_JNT_SCAN__IN trans- enables the NAND gate 87 to, in turn, couple the SEL TEST 
mitter internal scan input signal as the SEL DATA (T) IN 50 signal as the SEL DATA IN selected data in signal, which, 
select data (traihng) in signal to the data input terminal of in turn, is provided to flip-flops 90 and 91. The asserted INT 
flip-flop 53. The XMTR_INT__SCAN_IN input signal SCAN SEL internal scan select signal enables the multi- 
represents either the output signal provided by a previous plexer 88 to couple the INT SCAN SHIFT CLK internal 
flip-flop in the internal scan shift register or, if the flip-flop scan shift clock signal to the flip-flops 90, 91 and 92. The 
53 is the first flip-flop in the shift register, an internal scan 55 SEL DATA IN selected data in signal from multiplexer 84 
vector source (not shown). The flip-flop 53 latches the SEL will be latched by the flip-flop 90 on the leading edge of the 
DATA (T) IN selected data (trailing) in signal on the next INT SCAN SHIFT CLK signal, and by flip-flop 91 on the 
leading edge of the CLK clock signal and provides the LAT traihng edge of the INT SCAN SHIFT CLK internal scan 
SEL DArA(T) IN-T latched selected data (trailing) in-tme shift clock signal. 

signal representative thereof, in the same manner as during 60 As described above, the flip-flop 90 provides the latched 

the normal operating mode. SEL DAFA IN signal as the RCV_DArA (L) receive data 

As indicated above, the LAT SEL DATA (T) IN-T latched (leading) signal. The asserted INT SCAN SEL internal scan 

selected data (trailing) in-true signal provided by flip-flop 53 select signal enables the inverter 94 to, in turn, enable 

is coupled to the buffer formed from the pair of serially- multiplexer 93 to couple the RCV^DAFA (L) signal as the 

connected inverters 75 and 76 as the XMTR_SCAN„OUT 65 RCVR_SHIFT_D ATA receiver shift data signal to flip-flop 

(T) transmitter scan out (trafling) signal. The XMTR_ 92. The flip-flop 92 wUl latch the RCVR_SHIFT_DArA 

SCAN_OUT (T) signal is provided to one input of multi- receiver shift data signal on the next leading edge of the INT 
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SCAN SHIFT CLK internal scan shift clock signal. The 
flip-flop 92 will provide the latched signal as the RCV__ 
DATA (T) receive data (tailing) signal, which, if a next 
flip-flop is connected in the internal scan shift register, will 
also be provided as a RCVR_INT_SCAN_OUT receiver 
internal scan out signal to the next flip-flop. 

Thus, for the bit of the internal scan test vector repre- 
sented by the RCVR_[NT_SCAN_JN receiver internal 
scan in signal latched by flip-flop 90 in response to the 
leading edge of the INT SCAN SHIFT CLK signal at time 
"r" that bit will be latched by the flip-flop 91 in response to 
the trailing edge of the INT SCAN SHIFT CLK signal at 
time "t+W and flip-flop 92 in response to the leading edge 
of the INT SCAN SHIFT CLK signal at time "r-i-1." 
Accordingly, following time "r+1,*' both flip-flops 91 and 92 
will be storing bits of the internal scan test vector which 
represent the same value. In addition, if there is a next 
flip-flop in the internal scan shift register, that next flip-flop 
can latch the bit at time "r+2.'* 

After the internal scan test vector has been shifted into the 
flip-flops comprising the internal scan shift register as 
described above, the INT SCAN SEL internal scan select 
signal is negated. As a result, the multiplexer 55 (FIG. 3) is 
conditioned to couple the DATA (T) IN data (trailing) in 
signal as the SEL DATA (T) IN selected data (trailing) in 
signal to flip-flop 53, the multiplexer 56 (FIG. 3) is condi- 
tioned to couple the DAIA(L) IN data (leading) in signal to 
flip-flop 54, and multiplexer 84 (FIG. 4) is conditioned to 
couple the LINK DATA IN signal to flip-flops 90 and 91, as 
in the normal operating mode as described above. The CLK 
clock signal is toggled one or more times, which allows the 
contents of the flip-flops 53 and 57 to be transmitted by 
transmitter circuit 40 and received by receiver circuit 41. In 
addition, since, as noted above, the signals representative of 
the internal scan test vector that are initially provided to 
provided to flip-flops 53 and 57 of the transmitter circuit 40 
that is used to transmit the SL (i) CLK slice (i) clock signal 
are the same as the respective DATA (T) IN and DATA (L) 
IN data (trailing) and (leading) in signals provided during 
the normal operating mode, the transmitter circuit 40 will 
provide the SL (i) CLK signal in the same manner as during 
the normal operating mode, and the receiver circuit 44 will 
receive the SL (i) CLK slice (i) clock signal and generate the 
RCV_CLK receive clock signal in the same manner as 
during the normal operating mode. Accordingly, each of the 
receiver circuits 41 of the digital communications system 
will receive the respective signals transmitted thereto by the 
respective transmitter circuit and latch them in their respec- 
tive flip-flops 90, 91 and 92 in the same manner as described 
above in connection with the normal operating mode. After 
the toggling of the CLK clock signal, the contents of the 
flip-flops will comprise the internal scan result vector, which 
wiU be shifted out of the digital communications system in 
a manner similar to that described above, with the result 
vector being provided by the last flip-flop in the internal scan 
shift register. 

As noted above, the transmitter circuit 40 and the receiver 
circuit 41 can also operate in a link test mode, in which the 
receiver circuit 41 performs a link test in connection with the 
individual differential signal wires LINK (1) and LINK (0) 
to verify that each wire is continuous between the transmit- 
ter circuit 40 and the receiver circuit 41. As is conventional 
in connection with differential signals, the assertion or 
negation condition of the signal is defined by the difference 
in the voltage level apphed to two wires, in this case the 
difference in between the voltage level applied to the LINK 
(1) wire and the voltage level appUed to the LINK(O) wire, 
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provided the difference between the voltage levels exceeds 
a predetermined threshold level. In that case, if one of the 
differential signal wires LINK (1) or LINK (0) is broken, 
typically the voltage level of the broken link tends to float at 
the receiver circuit 41, in which case the receiver circuit 41 
may sometimes correctly receive the differential signal as 
transmitted by the transmitter circuit 40, and sometimes 
receive the differential signal incorrectly. Since the differ- 
ential signal is intermittently correctly received, it is gener- 
ally difficult to determine which of the LINK (1) or LINK 
(0) differential signal wire is broken. During the Unk test 
mode, the transmitter circuit 40 and the receiver circuit 41 
can cooperate to determine whether one of the differential 
signal wires LINK (1) or LINK (0) is broken, and, if so, 
which one. 

With reference to FIG. 4, the receiver circuit 41 includes 
three resisters 120, 121 and 122 connected in series between 
a pull up transistor 123 and a pull down transistor 124. 
Resistor 121 effectively forms a termination resistor for the 
differential link connecting the transmitter circuit 40 and 
receiver circuit 41. Current in the differential signal wires 
LINK (1) and LINK (0) sourced and sunk by the differential 
transmitter 52 (FIG. 3) develops a voltage difference 
between nodes 130 and 131 across resistor 121, wtiich the 
differential receiver 81 receives as the differential signal. A 
bypass capacitor 125 is provided connected to the resistor 
121 to ground high frequency transients in the signals 
received over the differential link. When the receiver circuit 
41 is not operating in the link test mode, both a LINK TEST 
EN (1) link test enable (1) signal and a LINK TEST EN (0) 
link test enable (0) signal are negated, thereby to turn off 
both transistors 123 and 124 and allow the transmitter and 
receiver circuits 40 and 41 to operate as described above. 
However, while the receiver circuit 41 is operating in the 
link test mode, one of the LINK TEST EN (1) link test 
enable (1) signal or the LINK TEST EN (0) hnk test enable 

(0) signal wiU be asserted, which turns on the respective 
transistor 123 or 124 to apply a weak pull up or pull down, 
respectively, to enable the differential signal wires LINK (1) 
and LINK (0) to be tested as described below. 

The assertion of the LINK TEST EN (1) signal while the 
receiver circuit 41 is operating in link test mode operates to 
turn on transistor 123. After asserting the LINK TEST EN 

(1) signal, the transmitter circuit 40 is enabled to transmit a 
negated signal over the differential signal wires LINK (1) 
and LINK(O), applying a signal defined by a relatively high 
voltage to wire LINK (0) and relatively low voltage to wire 
UNK (1). If both differential signal wires LINK (1) and 
LINK (0) arc continuous, the negated signal applied by 
transmitter circuit 40 causes the voltage level at node 131 to 
be higher relative to the voltage level at node 130, which the 
differential receiver 80 will receive as a negated signal. On 
the other hand, if the differential signal wire LINK (0) is 
broken, the voltage level on that wire LINK (0) tends to 
float. However, since pull-up transistor 123 is on, resistor 
120 applies a relatively high voltage to node 130, raising the 
voltage level at that node relative to the node 131, which the 
differential receiver 80 will receive as an asserted signal. 

Continuing with the operations performed when the LINK 
TEST EN (1) signal is asserted while in the link test mode, 
if the transmitter circuit 40 thereafter places an asserted 
signal on the differential link interconnecting it and the 
receiver circuit 41, if both the differential signal wires LINK 
(1) and LINK (0) are continuous, the asserted signal applied 
by transmitter circuit 40 causes the voltage level at node 130 
to be slightly higher relative to the voltage level at node 131, 
which the differential receiver 80 will receive as an asserted 
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signal. On the other hand, if the wire LINK (1) is broken, the signal from the differential signal wires LINK (1) and LINK 

relatively weak pull up provided by transistor 123 and (0) as a negated signal, then the wire LINK (1) is broken, 

resistor 120 will be unable to allow the voltage difference However, if the differential receiver 80 conrectly receives the 

between nodes 130 and 131 to increase above the required signal as an asserted signal, then the differential transmitter 

threshold, and so the differential receiver 80 will continue S 52 is enabled to transmit a negated signal over the differ- 

receiving the signal from the differential transmitter 52 as a ential signal wires LINK (1) and LINK (0). If the differential 

negated signal. receiver 80 properly receives the signal as a negated signal, 

Thus, while the LINK TEST EN (1) signal is asserted, the then both differential signal wires LINK (1) and UNK (0) 

differential driver 52 is first enabled to transmit a negated are operating properly. However, if the differential receiver 

signal over the differential signal wires LINK (1) and LINK lO 80 incorrectly receives the signal from the differential signal 

(0). If the differential receiver 80 incorrectly receives the wires LINK (1) and LINK (0) as an asserted signal, then the 

signal from the differential signal wires LINK (1) and LINK wire LINK (0) is broken. 

(0) as an asserted signal, then the wire LINK (0) is broken. It will be appreciated that the test results determined 

However, if the differential receiver 80 correctly receives the during the test operations performed while in the link test 

signal as a negated signal, then the differential transmitter 52 15 mode are complementary; that is, the link test may be 

is enabled to transmit an asserted signal over the differential performed to verify continuity of both the LINK (1) and the 

signal wires LINK (1) and UNK (0). If the differential UNK (0) wires using only one of the UNK TEST EN (1) 

receiver 80 properly receives the signal as an asserted signal, signal or the LINK TEST EN (0) signal. Alternatively, the 

then both differential signal wires LINK (1) and LINK (0) link test may be performed using both the LINK TEST EN 

are operating properly. However, if the differential receiver 20 (1) signal and the LINK TEST EN (0) signal. If both the 

80 incorrectly receives the signal from the differential signal UNK TEST EN (1) signal and the LINK TEST EN (0) 

wires LINK (1) and LINK (0) as a negated signal, then the signal are used, each signal will be asserted in a separate 

wire LINK (0) is broken. phase of the link test, and one or both of the UNK (1) and 

Complementary operations can be performed during UNK (0) wires can be tested in each phase; if both wires are 
while operating in link test mode by negating the UNK 25 tested in each phase, the test is expected to provide, for each 
TEST EN (1) signal and asserting the UNK TEST EN (0) wire, the same continuity determination in both phases, 
link test enable (0) signal. In that condition, the pull up The transmitter and receiver circuits 40 and 41 as 
transistor 123 will be turned off, and the pull down transistor described above provide a nimiber of benefits. First, since, 
124 will be tm^ned on to apply a weak pull down voltage as noted above, the signals to be transmitted by the trans- 
through resistor 122 to node 131, which decreases the 30 mitter circuit 40 (FIG. 3) are latched in the respective 
voltage level of node 130 relative to node 131. After flip-flops 53 and 57 one-half cycle of the CLK clock signal, 
asserting the LINK TEST EN (0) signal, the transmitter they will have suflBcient time to propagate through circuitry 
circuit 40 is enabled to transmit an asserted signal over the between the respective flip-flops 53 and 57 and respective 
differential signal wires LINK (1) and UNK (0), applying a gated drivers 62, 63, 66 and 67 before the drivers are enabled 
signal defined by a relatively high voltage to wire UNK (1) 35 to gate their respective signals to the differential transmitter 
and relatively low voltage to wire LINK (0). If both differ- 52 by the CLK signal. This serves both to minimize the 
ential signal wires LINK (1) and UNK (0) are continuous, propagation delay of the respective signals along the respec- 
the asserted signal applied by transmitter circuit 40 causes live signal paths to the differential driver 52 and also to 
the voltage level at node 130 to be higher relative to the minimize differences in propagation delay as between the 
voltage level at node 131, which the differential receiver 80 40 signal paths from gated ctivers 62 and 63 to the differential 
wiU receive as an asserted signal. On the other hand, if the driver 52, and the signal paths from gated drivers 66 and 67 
differential signal wire LINK (1) is broken, the voltage level to the differential driver. The latter (that is, minimization of 
on that wire UNK (1) tends to float. However, since differences in propagation delays between the respective sets 
pull-down transistor 124 is on, resistor 122 appUes a rela- of signal paths) will ensure that the signal transmission 
lively low voltage to node 131, lowering the voltage level at 45 properties of the signals transmitted on the respective lead- 
that node relative to the node 130, which the differential ing and traiUng edges of the CLK signal will be similar, 
receiver 80 will receive as a negated signal. In addition, by providing that the transmitter circuit 40 

Continuing with the operations performed when the UNK that transmits the SL (i) CLK slice (i) clock signal and the 

TEST EN (0) signal is asserted while in the Unk test mode, receiver circuit 41 that receives the SL (i) CLK signal, 

if the transmitter circuit 40 thereafter places a negated signal 50 transmits and receives the respective signal in the same 

on the differential hnk interconnecting it and the receiver manner as that of the circuits 40 and 41 that transmit and 

circuit 41, if both the differential signal wires LINK (1) and receive the other signals, that is, the FRAME (i) frame (i) 

LINK (0) are continuous, the negated signal applied by and SUCE (i) DATA slice (i) data signals, the Liming, 

transmitter circuit 40 causes the voltage level at node 130 to propagation delay and other transmission characteristics of 

be sMghtly lower relative to the voltage level at node 131, 55 the SL(i) CLK slice (i) clock signal wiU correspond to those 

which the differential receiver 80 will receive as a negated of the other signals. 

signal. On the other hand, if the wire UNK (1) is broken, the Furthermore, by providing in the transmitter circuit that 

relatively weak puU down provided by transistor 124 and the boundary scan circuitry provides the XM1T__BS-T and 

resistor 122 will be unable to allow the voltage difference XMIT_BS-C transmit boimdary scan-true and -complement 

between nodes 131 and 130 to increase above the required 60 signals to multiplexers 60, 61, 64 and 65 ahead of the 

threshold, and so the differential receiver 80 will continue multiplexer formed from gated drivers 62, 63, 66 and 67, 

receiving the signal from the differential transmitter 52 as an instead of between the gated drivers 62, 63, 66 and 67 and 

asserted signal. the differential driver 52, the boundary scan logic does not 

Thus, while the LINK TEST EN (0) signal is asserted, the provide a delay in the transmission of signals from the gated 

differential driver 52 is first enabled to transmit an asserted 65 drivers 62, 63, 66 and 67 by the differential driver 52. 

signal over the differential signal wires LINK (1) and UNK It will be appreciated that a number of modifications may 

(0). If the differential receiver 80 incorrectly receives the be made to the transmitter and receiver circuits 40 and 41 as 
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described above. For example, although the transmitter and 
receiver circuits have been described in the context of a 
digital communications system such as that described in the 
aforementioned Cassiday patent application, it will be 
appreciated that the respective transmitter and receiver cir- 5 
cuits can be used advantageously in a number of commu- 
nications arrangements. In addition, it will be appreciated 
that the transmitter circuit may be used in a digital commu- 
nications system in which the receiver circuit described 
herein is not used, and the receiver circuit may be used in a 
digital communications system in which the transmitter 
circuit described herein is not used. 

In addition, it will be appreciated that, in embodiments in 
which one or more of the boundary scan, internal test scan 
or link test modes is not to be provided, circuitry used solely 
in the respective mode need not be provided. In addition, 
although the receiver circuit 41 used for receiving the SL (i) 
CLK shce (i) clock signal been described as also including 
the input select circuit 81 and the receive buffer 82, since the 
same cell comprising the receiver circuit 41 is used for both 
that signal and the other signals (that is, the FRAME (i) and 20 
SLICE (i) DATA signals), it will be appreciated that a cell 
for the receiver circuit 41 for the SL (i) CLK signal can be 
provided with the buffer 83 but without the input select 
circuit 81 and receive buffer 82. In addition, a cell for the 
receiver circuit 41 for the other signals, that is, the FRAME 25 
(i) and SLICE (i) DATA signals, can be provided with the 
input select circuit 81 and receive buffer 82 but without the 
buffer 83. 

The foregoing description has been limited to a specific 
embodiment of this invention. It will be apparent, however, 3Q 
that various variations and modifications may be made to the 
invention, with the attainment of some or all of the advan- 
tages of the invention. It is the object of the appended claims 
to cover these and such other variations and modifications as 
come within the true spirit and scope of the invention. 35 

What is claimed as new and desired to be secured by 
Letters Patent of the United States is: 

1. A transmitter circuit for transmitting digital data over a 
communication link, said transmitter circuit comprising: 

A. a plurality of gated driver circuits each associated with 40 
one of a pluraHty separate phases of a clock signal, all 

of said gated driver circuits having respective outputs 
connected to said communication link, each gated 
driver circuit receiving at a respective input a respec- 
tive one of a plurality of selected information signals 45 
and transmitting it over said communication link in 
response to the associated clock signal phase; 

B. a plurality of information selectors, each associated 
one of said gated driver circuits, each information 
selector being coimected to receive a plurality of infor- 50 
mation signals each from a respective one of a plurality 

of digital information sources and selectively couple 
one of said information signals to the associated gated 
driver circuit as the respective selected information 
signal during a clock signal phase ahead of the clock ss 
signal phase ahead of the clock signal phase with which 
the associated gated driver circuit is associated. 

2. A transmitter circuit as defined in claim 1 in which the 
clock signal phase during which each information selector 
couples the respective selected information signal to the 60 
associated gated driver is selected so that the respective 
selected information signal will be settled at the input of the 
associated gated driver at the beginning of the gated driver's 
associated clock signal phase. 

3. A transmitter circuit as defined in claim 1 in which: 55 
A. said communication link is a differential communica- 
tion link, said transmitter circuit further comprising a 
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differential driver connected to said differential com- 
munication link; 

B. each information selector provides as said selected 
information signal a true selected information signal 
and a complement selected information signal; and 

C. the gated driver circuit associated with each informa- 
tion selector comprises two gated drivers each of which 
receives one of said true selected information signal 
and said complement selected information signal and in 
response to the associated clock signal phase couples 
them to the differential driver for transmission over said 
differential communication link. 

4. A transmitter circuit as defined in claim 1 in which said 
clock signal phases are defined by the leading and traiUng 
edges of a unitary clock signal, the transmitter circuit 
comprising two gated driver circuits one of which is enabled 
on the leading edge of said unitary clock signal and the other 
of which is enabled on the trailing edge of said unitary clock 
signal. 

5. A transmitter circuit as defined in claim 1 in which each 
said information selector comprises: 

A. a plurality of buffers each for buffering one of said 
information signals from a respective one of said digital 
information sources, each buffer providing a buffered 
information signal; and 

B, a multiplexer for receiving the buffered information 
signals from the plurality of buffers and selectively 
coupling one of said buffered information signal as said 
selected information signal. 

6. A transmitter circuit as defined in claim 5 in which, for 
each said information selectors, at least one of said plurality 
of buffers receives said one of said information signals for 
buffering in response to one of said clock signal phases 
which differs from the clock signal phase with which the 
associated gated driver circuit is associated. 

7. A transmitter circuit as defined in claim 5 in which each 
buffer includes a storage element for storing a respective one 
of said information signals, the storage elements further 
being connected in an internal scan chain to facilitate 
shifting an internal scan vector into said the storage elements 
while operating in an internal scan test mode, the storage 
elements providing said scan vector to said multiplexer as 
the respective one of said buffered information signals. 

8. A transmitter circuit as defined in claim 1 in which each 
said information selector comprises: 

A. at least one delay line for buffering information rep- 
resented by an information signal from a respective one 
of said digital information sources and providing a 
delayed information signal, all of the delay fines receiv- 
ing information represented by a respective one of the 
information signal in response to the same clock signal 
phase and providing the delayed information signal 
with a delay representative of the clock signal phase 
associated with the associated gated driver circuit; and 

B. a multiplexer for selectively coupling the delayed 
information signal from said at least one delay fine and 
said information signal from at least one other infor- 
mation source as said selected information signal. 

9. A transmitter circuit as defined in claim 1 in which at 
least one of said information sources is a boimdary scan 
information source. 

10. For use in an information transmission system, a 
transmitter circuit for transmitting a digital data signal over 
a commimication link on both a leading edge and a trailing 
edge of a clock signal, said transmitter circuit comprising: 

A. a leading edge gated driver circuit for receiving at an 
input a leading edge selected information signal and 
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transmitting it over said communication link as said 
digital data signal in response to the leading edge of 
said clock signal, the leading edge gated driver circuit 
being disabled at the trailing edge of said clock signal; 

B. a leading edge information selector comprising: ^ 
(i) a leading edge multiplexer for selectively coupling 

one of a buffered information signal from a leading 
edge buffer and an information signal from at least 
one other information source to said leading edge 
gated driver circuit as the leading edge selected 
information signal; 
(i) the leading edge buffer for receiving and buffering 
leading edge transmit information from a transmit 
information source, the leading edge buffer receiving 
the leading edge information in response to the 15 
leading edge of said clock signal and providing the 
buffered leading edge transmit information to the 
leading edge multiplexer on a subsequent trailing 
edge of the clock signal, so that the leading edge 
selected information signal will be settled at the 
input of the leading edge gated driver at the leading 
edge of the clock signal; 

C. a trailing edge gated driver circuit for receiving at an 
input a traihng edge selected information signal and 
transmitting it over said communication link as said 
digital data signal in response to the trailing edge of 
said clock signal, the trailing edge gated driver circuit 
being disabled at the leading edge of said clock signal; 
and 

^ . . . 30 

D. a trailing edge information selector comprising: 

(i) a trailing edge multiplexer for selectively coupling 
one of a buffered information signal from a trailing 
edge buffer and an information signal from at least 
one other information source to said trailing edge 
gated driver circuit as the trailing edge selected 
information signal; 

(i) the trailing edge buffer for receiving and buffering 
trailing edge transmit information from the transmit 
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information source, the trailing edge buffer receiving 
the trailing edge information in response to the 
leading edge of said clock signal and providing the 
buffered trailing edge transmit information to the 
leading edge multiplexer so that the trailing edge 
selected information signal will be settled at the 
input of the trailing edge gated driver at the trailing 
edge of the clock signal. 
11. For further use in connection with the information 

transmission system as defined in claim 10, a receiver circuit 

comprising: 

A. a receiver for receiving said digital data signal from 
said communication Unk and for providing said digital 
data signal as a received data signal; 

B. a receive buffer comprising: 

(i) a leading edge receive buffer for receiving and 
buffering said received data signal in response to a 
leading edge of a receive clock signal and providing 
the received data signal as a leading edge received 
data signal to a downstream utilization element; and 

(ii) a trailing edge receive buffer for receiving and 
buffering said received data signal in response to a 
trailing edge of said receive clock signal and pro- 
viding the received data signal as a traihng edge 
received data signal at the next leading edge of the 
received clock signal, 

so that, if the digital data signal provided by the transmitter 
circuit corresponds to information from the transmit infor- 
mation source, the leading edge received data signal pro- 
vided by the leading edge receive buffer and the trailing edge 
received data signal provided by the trailing edge receive 
buffer at each leading edge of the received clock signal 
correspond to the leading and trailing edge transmit infor- 
mation received by the respective leading edge buffer and 
trailing edge buffer in response to the leading edge of the 
clock signal. 
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